Abstract-This paper deals with a parametric study of a sensor dedicated to the microwave dielectric spectroscopy of individual particles or biological cells. The sensor is based on a coplanar topology with a capacitive gap and an embedded trap placed on top to precisely localize the particles or cells of interest. Various parameters such as the width of the capacitive gap, particle size and relative permittivity have been evaluated through simulations and validated with measurements. This study enables the optimization of the sensor in term of sensitivity.
I. INTRODUCTION
Applicative domains such as chemistry or biology require the routine use of characterization instruments able to analyze single particles or biological cells. Therefore, very efficient tools such as flow cytometers for instance have been developed and are mainly based on optical techniques. Electrical detection techniques may also be employed and have strongly been exploited in the past with the famous Coulter counter notably and its derivatives [1] - [2] .
There is now an attractive interest to evaluate microwave dielectric spectroscopy as a new solution for particle and cellular analysis as it intrinsically presents numerous assets. Due to the frequency range, the cells may be measured directly in their culture medium, with miniature sensors compatible with lab-on-a-chip applications. Electromagnetic waves are also non invasive for the cells, without any requirement of preliminary cells preparation. The technique is also nondestructive, contact free and label free [3] . The counterpart of the technique is however its novelty. And one of its key issues is now to demonstrate that it is able to reliably detect single particles or biological cells. Wang et al. demonstrated in 2009 an interferometer centered at 5 GHz able to discriminate the viability of yeast in water [4] . Ferrier et al. performed microwave measurements of single bead and cell in flow for cytometry purpose in 2010 [5] . In the team, has therefore been developed a microwave sensor able to detect one single bead or one single biological cell [6] .
In order to optimize such a microwave sensor, we have performed a parametric study of the most important dimensions of the sensor or particle and dielectric properties. Results of such an investigation are indicated in this publication. The sensor includes a coplanar waveguide on top of a quartz wafer. In the center of the structure is placed a capacitive gap, which exhibits a width RI ȝP. The central conductors placed apart have been narrowed in order to focalize the electromagnetic field in the capacitive gap [6] .
On top of the coplanar waveguide is perpendicularly located a microfluidic channel, which conveys particles or biological cells in their liquid host medium. The solution used to stop and precisely localize the particle or cell on the capacitive gap corresponds to a trap, which is placed just above the gap, slightly shifted in order to have the particle centered on the capacitive gap. This mechanical trap exploits fluidic streamlines to first block a particle on the trajectory of the trap and then to divert any other particle [7] . The trap is part of the microfluidic channel and realized with a traditional material in microfluidics, the PDMS elastomer [8] . Figure 2 presents a photography of the center part of the microwave sensor. Due to the height difference between the trap's top and the RF metallization, a clear view of both levels is not possible. The focus of the picture has been done on the blocker.
Both simulations and measurements of single particles have been performed with such a structure and are presented hereafter.
III. VALIDATION OF THE ELECTROMAGNETIC SIMULATIONS OF SINGLE PARTICLES THROUGH MEASUREMENTS
Before any parametric study, we looked at verifying and validating our finite elements simulations performed with HFSS and our extraction method of the dielectric contrasts. For this purpose, we have simulated a polystyrene bead with a GLDPHWHU RI ȝP RYHU D ȝP ZLGH FDSDFLWLYH JDS The bead was considered in De-Ionized (DI) water. In parallel, measurements of such a bead in a fabricated sensor have been performed. For the measurements, the sensor is connected through coplanar probes to a Vector Network Analyzer. The frequency range is ranging from 40 MHz to 40 GHz. Dielectric contrasts have then been extracted with respect to the sensor loaded with only the host liquid medium, i.e. DI water. Further details on the extraction method may be found in [6] . A good fit between simulation and measurements is obtained for both capacitive and conductive contrasts. A difference between measurement and simulation appears on the conductive contrast above 15 GHz. It may be attributed to further losses induced by the host liquid medium, DI water, which is not pure as willing. Results are however quite similar and permit to validate our method of simulation.
IV. PARAMETRIC STUDY
Based on the validation of our electromagnetic simulations, we have been able to conduct a parametric study on the single particle microwave sensor. Different parameters have been evaluated through simulations: the impact on the dielectric contrasts of the capacitive gap, the diameter of particles and their permittivity.
A. Impact on the dielectric constrasts of the sensor capacitive gap for a SRO\VW\UHQH EHDG RI ȝP RI GLDPHWHU
First, variations on the capacitive gap size have been evaluated. The gap has been simulated with values ranging IURP WR ȝP ZKLOH WKH GLDPHWHU RI WKH SROystyrene bead is kept at ȝP LQ ', ZDWHU Fig. 5 presents the corresponding dielectric contrasts up to 40 GHz. For both contrasts (capacitive and conductive ones), the smaller gap leads to the larger dielectric contrasts. This result may be explained by the stronger focalization of the electromagnetic field inside the bead, when the gap width is minimized. Fig. 6 indicates the capacitive and conductive contrasts at 5 and 40 GHz respectively versus the gap size. One may notice that the obtained variation may be considered as linear for both contrasts. $ ȝP JDS ZRXOG EH preferable to maximize the value of dielectric contrasts by a factor 2. However, due to photolithographic and cost constraints during fabrication D ȝP wide gap should be favored. 
B. Impact of the diameter of polystyrene beads on the dielectric constrasts
A similar study has also been performed depending on the diameter of beads. This time, the capacitive gap is maintained WR ȝP large, whereas the diameter of bead is ranging from WR ȝP. Simulated results are given in Fig. 7 and 8 . As one may expect, the dielectric contrasts increases, as the size of the bead is larger. The capacitive contrast is enlarged by a factor higher than 3, for a diameter bead multiplied by 2. More dielectric material is in interaction with the electromagnetic field, which leads to further detection of the bead under test. The contrasts variation versus particle diameter is also linear, as indicated in Fig. 8 .
C. Impact of the relative permittivity of beads on the dielectric constrasts
Finally, the relative permittivity of a EHDG RI ȝP RI diameter has been modified during simulations, ranging from the fixed value of polystyrene, 2.5, to 20, which is close to water permittivity at 40 GHz. Simulated contrasts are given in Fig. 9 . When the permittivity of the bead increases, the dielectric contrasts decreases. This is due to the fact that the host medium corresponds to water, which exhibits large values of permittivity versus frequency compare to polystyrene. As soon as the bead present a permittivity value closer to the host medium, the contrast are therefore minimized.
Relative permittivity variations impact mainly the capacitive contrast. Moreover, if the modification of permittivity is considered very important in term of value (attributed values from 2.5 to 20 constitutes very different dielectric materials), the related effect on the capacitive contrast remains small compare to the influence of the capacitive gap or the size of bead (see sections A and B).
V. CONCLUSIONS
A parametric study has been performed on a microwave sensor dedicated to the dielectric spectroscopy of single particle or biological cell. After the validation of the threedimensional simulations and dielectric contrasts extraction procedure through measurements, different dimensions have been evaluated. First, the width of the capacitive gap at the center of the sensor should therefore be lowered in order to enhance the sensitivity. Due to cost and easiness of fabrication considerations, a gap value of 5 ȝP should be preferred. Secondly, any variation of the bead's diameter leads to a large modification of the two dielectric contrasts (capacitive and conductive ones). If the diameter is doubled, the capacitive contrast is almost multiplied by a factor 4. Finally, even particularly large modification of relative permittivity of the bead leads to weak dielectric contrasts variations (one third for a variation of 17.5).
